High harmonic generation, which produces a coherent burst of radiation every half cycle of the driving field, has been combined with ultrafast wavefront rotation to create a series of spatially separated attosecond pulses, called the attosecond lighthouse. By adding a coherent second harmonic beam with polarization parallel to the fundamental, we decrease the generating frequency from twice per optical cycle to once. The increased temporal separation increases the pulse contrast. By scanning the carrier envelope phase, we see that the signal is 2π periodic. The attosecond lighthouse, driven by a few cycle pulse, can generate several high flux, mutually coherent, spatially separated beamlets, each with a bandwidth extending up to a cutoff energy that is dependent on the instantaneous driving field intensity [1, 2] . The spatially separated, sequentially generated beamlets map the temporal dependence of high harmonic generation to space [3] . For a noble gas, the attosecond bursts are produced twice per optical cycle due to symmetry. We will show that coherently adding the driving field and its second harmonic allows for sub-cycle manipulatation of the generation process. Specifically, a sufficiently strong second harmonic breaks the symmetry and controls the ionization rate, the first step in high harmonic generation [4, 5] . Symmetry breaking may also be attained in the generating medium by using nonsymmetric, oriented polar molecules [6] [7] [8] . The relative amplitudes of the separated beamlets from the attosecond lighthouse can directly measure the change in ionization from oriented polar molecules. Understanding the second harmonic influence on the ionization process of an atomic gas is an initial step in understanding high harmonic spectroscopy from oriented, polar molecules [9, 10] .
The attosecond lighthouse, driven by a few cycle pulse, can generate several high flux, mutually coherent, spatially separated beamlets, each with a bandwidth extending up to a cutoff energy that is dependent on the instantaneous driving field intensity [1, 2] . The spatially separated, sequentially generated beamlets map the temporal dependence of high harmonic generation to space [3] . For a noble gas, the attosecond bursts are produced twice per optical cycle due to symmetry. We will show that coherently adding the driving field and its second harmonic allows for sub-cycle manipulatation of the generation process. Specifically, a sufficiently strong second harmonic breaks the symmetry and controls the ionization rate, the first step in high harmonic generation [4, 5] .
Symmetry breaking may also be attained in the generating medium by using nonsymmetric, oriented polar molecules [6] [7] [8] . The relative amplitudes of the separated beamlets from the attosecond lighthouse can directly measure the change in ionization from oriented polar molecules. Understanding the second harmonic influence on the ionization process of an atomic gas is an initial step in understanding high harmonic spectroscopy from oriented, polar molecules [9, 10] .
Modifying the relative phase between the second harmonic and the driving field modulates the ionization rate, promoting or inhibiting electron tunnelling every half cycle. If the second harmonic intensity is large enough, ionization is confined to a single time window per optical cycle and, consequently, attosecond bursts are only generated once per cycle [11, 12] . Increased temporal separation leads to an increased spatial separation of the generated beamlets, improving the pulse contrast of the attosecond lighthouse [13, 14] .
A schematic of the experimental setup is shown in Fig. 1 . We used a carrier envelope phase (CEP) stabilized 1 kHz Ti:sapphire laser generating 1.5 mJ pulses at 25 fs centered at 790 nm. With a differentially pumped hollow core neon-filled fiber operated at 2 bar and dispersion compensation, we attained 300 μJ, sub-5-fs pulses centered at 760 nm [3] .
The second harmonic was generated by a 200 μm thick β-barium borate (BBO) crystal phase matched to produce a second harmonic centered at 410 nm, 1.85 of the fundamental carrier frequency, to maximize the intensity after reflection from protected Ag mirrors. The second harmonic was split from the fundamental beam with a harmonic separator. In this configuration, the second harmonic intensity was approximately 3 × 10 12 W∕cm
2
(a relative electric field E2ω∕Eω 8%). The estimate was based on a measured pulse energy of 3 μJ, spot size of 35 μm, and an estimated pulse duration of 25 fs. We controlled the second harmonic delay with a closed-loop piezo stage. The second harmonic polarization was rotated with a λ∕2 wave plate at 400 nm, and was recombined colinearly with the driving field with a harmonic combiner. The beam recombination took place after the wedges because their spatial and temporal dispersion Fig. 1 . Schematic of the attosecond lighthouse with the second harmonic. A pair of wedges W1 scanned the CEP; A 200 μm thick β-BBO generated the second harmonic, phase matched at 410 nm; harmonic separator (HS); misaligned wedges used to generate the spatial chirp W2; λ∕2 half waveplate; computer controlled piezo delay stage DS; harmonic combiner (HC); focusing silver mirror f 300 mm F; 4 bar backing neon pulsed gas jet; grating 1200 l/mm; micro-channel plate MCP to image.
limited the second harmonic intensity. The consequence of using the second harmonic at not exactly twice the fundamental frequency is that the phase of the second harmonic is not optimized to enhance or quench all the beamlets simultaneously. We imposed a spatial chirp on the fundamental beam using a pair of misaligned wedges (relative angle 24°, BK7 8°apex angle). The peak intensity of the fundamental field with the ultrafast wavefront rotation is estimated to be 4.5 × 10 14 W∕cm 2 based on spot size (40 μm × 55 μm), pulse power, and duration; and we confirmed the intensity via the maximum cutoff energy.
Perfectly matched wavefronts of the fundamental and its second harmonic could allow for increased control from the second harmonic. In this experiment, we do not impose spatial chirp on the second harmonic and, although the second harmonic wavefront does not perfectly match the entire rotating wavefront of the fundamental driving field at the focus, the 3 mrad of rotation per optical cycle for a few cycle pulse limits the wavefront mismatch between the fundamental and its second harmonic. As such, it is straightforward to observe a strong effect from the second harmonic on the generated beamlets.
The gas jet had a 250 μm diameter aperture and was backed with 4 bar neon. The jet was placed 0.5 mm before the focus (found by measuring the position of the peak ionization rate) to minimize the spatial divergence of the short trajectory creating the attosecond pulses.
The generated pulses passed through a 0.4 mm slit, were spectrally dispersed by a 1200 l/mm grating, and were recorded on an MCP located 1 m from generating source. The spectrum was imaged with a CCD camera with a 1 s acquisition time. The horizontal axis records the spectrum and the vertical axis records the spatial distribution.
In Fig. 2 , we compare the attosecond lighthouse spectra with and without a strong second harmonic. The left column (a)-(c) is the near-field dipole moment jdt; yj 2 calculated by the strong field approximation (SFA) from the measured values of the driving field (pulse energy, duration, and spot size), with a temporal filter removing the long trajectories. The dashed arrows from (a) to (d) connect the calculated near-field attosecond pulses to the associated measured beamlets, each propagating at a slightly different angle. The middle column (d)-(f) shows the experimentally measured spatial-spectral distributions, while the right column (g)-(i) is the spatial distribution summed over the energy range 30-80 eV. The calculated attosecond pulses in Fig. 2(a) have been numbered −3 to 3 and mapped to their associated measured beamlets in Fig. 2(g) ; the beamlets are discussed by their respective numbers.
The effect of only the fundamental with ultrafast wavefront rotation without the second harmonic present is shown in the top row of Figs. 2(a), 2(d), and 2(g). The measured lighthouse spectrum is shown in Fig. 2(d) , where the CEP is set to π∕2. The spectral modulation on each beamlet is because of a slight spatial overlap with adjacent beamlets in the far field. The modulation is a better measure of the spatial overlap than the total spectral amplitude because the latter is influenced by the CEP fluctuations, approximately 400 mrad single shot [3] .
The middle row, Figs. 2(b), 2(e), and 2(h), shows the second harmonic beam added to the fundamental, where the phase favors the central, 0 beamlet. In Fig. 2(h) , we see that the 0 beamlet is 2.3 times stronger than without the second harmonic. Simultaneously, the figure shows that the 1 beamlets have their relative amplitudes reduced by 1.5 and 1.2 times, respectively. The relative enhancement (quenching) of the beamlet amplitude agrees with the change in ionization rate because of the second harmonic calculated from the tunneling rate [15] . The reduced spectral modulation on the central beamlet improves the contrast ratio by a factor of 2.5, where the modulation amplitude implies a contrast ratio of greater than 3000 [12] . The improved contrast is less than expected from the total amplitude factor because the spectral amplitude is not uniformly changed by the presence of the second harmonic. Higher second harmonic intensity would further inhibit satellite pulse generation and increase the attosecond pulse contrast [5] .
Delaying the second harmonic by π leads to the bottom row, Figs. 2(c), 2(f) and 2(i). Here, the 0 beamlet is suppressed by a factor of 1.4 while the satellite beamlets are promoted by 2.5 and 2.1, respectively. Each of these two promoted, high-flux pulses has a bandwidth sufficient to support a transform limited pulse duration of ∼40 as. The attenuation of the 0 beamlet could allow for easier alignment of the 1 beamlets when used as a source for attosecond pump-attosecond probe experiments [16] [17] [18] .
We also scanned the CEP using a pair of aligned wedges. This scan occurs before the BBO produces the second harmonic, thus the phase of the second harmonic, set to π∕2 when the CEP is π∕2, follows that of the fundamental. The spatially resolved spectrum, summed over 30-80 eV, is shown in Fig. 3(a) as a function of the CEP. Because the driving field phase is determined by the CEP, in the presence of ultrafast wavefront rotation scanning the CEP allows for a continuous rotation of the wavefront, and consequently scanning the CEP continuously changes the direction of the generated beamlets. With the second harmonic present, the signal is modulo 2π [2] . Thus, the presence of the second harmonic removes the π ambiguity of the driving field phase [19, 20] . The consequence of using the attosecond lighthouse with the second harmonic as a source for attosecond pulses is shown in Fig. 3(b) . An on-axis aperture of 1 mrad diameter attenuates the attosecond pulses generated when the CEP has changed by π. With a stronger second harmonic and an appropriate spatial filter, it may be possible to completely suppress attosecond pulses generated with undesired CEP [21] .
In conclusion, we have shown that a parallel polarized second harmonic beam can control the beamlets generated by the attosecond lighthouse. With a second harmonic field amplitude of only 8% of the fundamental, we can increase the temporal and spatial separation of the beamlets. Even with such a weak control beam, the contrast between a prepulse and the main pulse is comparable to other attosecond pulse generation methods [22] . In addition, the increased separation lessens the requirements for ultrafast wavefront rotation. To achieve similar beamlet spatial separation and isolation as the initially sub-5-fs generating pulse case, the pulse duration can be increased to ∼10 fs. [23] .
Further increasing the second harmonic intensity increases its influence over the spectrum and phase of the attosecond pulses. Looking forward, using the second harmonic to shape the attosecond pulse may be an efficient method to generate attosecond pulses reaching a single atomic unit of time (∼24 as). The spectral amplitude of the on-axis pulses generated over a 1 mrad divergence. The on-axis beamlet amplitude is now strongly dependent on the CEP.
